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Observation of a hydrogenic donor in the luminescence
of electron-irradiated GaN
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Excitonic luminescence of GaN after irradiation with 0.42-MeV electrons has been investigated in
detail. The low-energy irradiation generates damage exclusively irNtiseblattice. Additional
bound-exciton lines are found and are shown to arise from a hydrogenic donor with a binding energy
of 25 meV. The donor binding energy, bound-exciton localization energy, and bound-exciton
lifetime are discussed in comparison with the values observed f@and Sg, in the same sample.
Nitrogen vacancies yforming a hydrogenic donor state are suggested to be the most likely origin

of this luminescence emission. Finally, a metastable behavior related to the damage-induced defects
is reported and discussed in conjunction with interstitial-nitrogen-related defects200®
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Commercialization of GaN-based green to UV light band-edge regionteb K before and after irradiation. The
emitters and potential applications of AIGaN/GaN hetero-main feature before irradiation is a superposition of two lines
structures, such as high-power, high-frequency transistorsit 3.4717 and 3.4725 eV, which we assign to the oxygen-
have drawn great attention to the basic material properties dfound and silicon-bound exciton, respectively, ag &d
GaN. Intrinsic defects have been the subject of many experSig, are the most abundant shallow donors in HVPE GaN.
mental and theoretical studies, since they are expected igiminescence due to A-valence-band free excitong) (X
strongly affect the optical and electrical properties of GaN.seen at 3.4782 eV, and the broad peak at 3.497 eV is related
While interstitial Ga was identified by optical detection of to free-exciton excited stateSThe weak peak between the
electron—paramagnetic resonanéeGa vacancies were de- free and donor-bound exciton peaks is a B-exciton bound to
tected by positron annihilation spectroscdfyFor many neutral donors?

years, the nitrogen vacancy (¥ was thought to account for Peaks at about 3.45 eV are bound-exciton two-electron
the n-type conductivity of unintentionally doped GaN. transitions resulting from a radiative recombination process

However, this was ruled out by first-principles calculations®f & donor-bound exciton that goes along with an excitation

that revealed isolated Jto have a high formation energy in of the neutral donor electron to a higher bound state. Within
ntype GaN® In the present letter, we study the effect of the effective-mass approximation, the energy separation be-

0.42-MeV electron irradiation of GaN, damaging exclusively Veen the dc;]nor-tf)oun(rj] exfcnhon dand tfg)g (1;|-rst two-electron
the N sublatticé. Bound-exciton luminescence lines of a hy- ransition is three-fourths of the donor binding enefgy.

drogenic donor with a binding energy of 25 meV are founds'rt]cde there is a S|gtr1h|f|ct3vnt V‘I”m?t'ontﬁb a_rpong the differ- i
and tentatively attributed to . ent donor species, the two-electron transitions are a sensitive

The investigated sample was a free-standing 248- indicator of the chemical origin of the corresponding donor

thick GaN layer grown at Samsufhy hydride vapor phase defect.” We assign the emission at 3.4512 eV to the first
epitaxy (HVPE). Shallow donor species were found with

concentrations of a few times ocm™2.° The irradiation to 10* DX

7 _ 2 . 0 A 5 K, 10 mW
a fluence of X 10' cm™2 was carried out at room tempera-
ture with 0.42-MeV electrons. Time-resolved photolumines- 1004+ DX,
cence (TRPL) was excited with 200-fs pulses from a : ‘ X, pre-
frequency-tripled(267 nn) mode-locked Ti: sapphire laser, & | irradiation
dispersed with a 0.25-m single-grating monochromator, and = 10°f ©. Xy, l /
detected with a synchroscan streak camera. The system spec- g 0,X (Si, X,) BX,

A 7)) ( H A)3E Al2e
tral and temporal resolution was 0.05 nm and 11 ps, respec- # 10'+ | oX, X,
tively. Cw PL measurements were performed in the near- !
infrared region using a HeCd lasé25 nnj for excitation 0oL post-
and a cooled Ge diode for detection. B, X,), irradiation
Figure 1 compares the integrated TRPL spectrum in the )
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standing HVPE GaN before and after 0.42-MeV electron irradiation.
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FIG. 2. Dependence of the donor binding eneBy (solid squaresand Exposure Time (s)
exciton lifetime before and after irradiatiqgnpen and solid circles, respec- ) o
tively) on the exciton localization energgiy. . FIG. 3. Metastable behavior of the irradiated sample under focused laser

exposure manifested, for example, by an exponential decrease of the inverse
free-exciton lifetime(solid line: exponential fit with relaxation time constant

excngd state of Si,, and t_he 3.4472 and 3.442 ey peaks toggwgf s). The inset shows a linear dependence gf, bh the average laser
the first and second excited states qgf,Orespectively, in

agreement with a recent study by Wysmoketkal * E, for

Sig, and Q, are determined here as 28 and 33 meV, respecesponding to a radiative lifetime of 4.7 fisThis compares
tively. These values are in reasonable agreement with thoseell to the value of 3.3 ns for bulk GaAS.

obtained from magneto-optical studiés;onsidering that the In addition to the appearance of PL lines, the irradiated
central-cell corrections may change the three-fourths relasample exhibits a metastable behavior under focused 267-nm
tionship slightly® laser illumination. The laser light exposure results in a

After irradiation, two lines emerge, labeled )8,  gradual transformation of the PL spectrum at 11 K. The
(3.4732 eV and (B;,X4)0e (3.4547 eV (see Fig. L We  oxygen-bound exciton intensity relative to that of the donor
assign the two lines to a bound exciton and the correspond,, the total band-edge PL intensity, and the PL decay life-
ing two-electron transition of a newly introduced shallow time of free and bound excitons are all increasing. Eventu-
donor B, with Ep=25 meV, determined again from the ally, a stable state is reached. The inverse lifetime of free
peak separation. According to Haynes’ empirical rule, theexcitons, which is a measure of the concentration of nonra-
exciton localization energyE,,. (separation between the diative decay channels, decreases exponentially with laser
bound and free exciton lingss proportional toE . In Fig.  exposure time(see Fig. 3. The inverse time constant for
2, we plotEp of the donors Q, Sig,, and B versus the reaching the stable state, determined from exponential fits,
correspondingg,,.. A single proportionality factor fits all increases linearly with the average power of the laser in the
three donors, supporting the conclusion about the hydrogeni@nge of 10 to 25 mW, as shown in the inset of Fig. 3. After
donor nature of B and the assignment of the two-electron the sample is kept in the dark at low temperature for about
transition line. We find a value of 0.2610.002 for the pro- 30 min, the exciton lifetime decreases slightly towards the
portionality constant, identical to the value of 0.2 previouslyvalue before the prolonged laser exposure. We assume that
reported for GaN® the behavior reflects a configurational metastability and/or a

In addition, Fig. 2 shows the bound-exciton lifetime of recombination-enhanced dissociation and subsequent reasso-
B;, Siga, and Q, together with the lifetime of free excitons. ciation of a radiation-induced nonradiative recombination
All lifetimes, except for that of B before irradiation, were center.
obtained from a single-exponential fit of the PL decay at 5 K.  In order to discuss the origin of the PL lines and the
The free-exciton and bound-exciton lifetime before irradia-metastable behavior, we first confirm that only N atoms are
tion are comparable to previously reported valtigs. The  displaced by 0.42-MeV electron irradiation of GaN, as was
significant decrease of the PL decay timg after irradiation ~ originally suggested by Looketal! Based on the
is attributed to a greatly reduced nonradiative lifetimg in ~ McKinley—Feshbach cross sectiéhdirect displacement of
accord with the relation %5 =1/7,+1/7,. Calculation of Ga atoms by 0.42-MeV electrons is not expected if the as-
7 fOr the Qg and Sk, transitions yields, within experimen- sumed displacement threshold enefgy(Ga) is above 20
tal error, the same value of about 162 ps. Using this valuegV. While theEy, have not been accurately determined for
the donor-bound exciton lifetime of Bwithout nonradiative ~ GaN, the ZnO values of about 50 eV for both sublatfites
recombination is estimated to be 329 ps. The donor-boundan be considered a good estimate due to the close similarity
exciton lifetimes before irradiation fit Rashba- between ZnO and GaN in terms of the lattice constant, band
Gurgenishvili’sE%’g relation well*® indicating a low concen- gap, nuclear mass, and ionicity. Indeed, Saarie¢mal’
tration of nonradiative defects in the undamaged sample, arfdund an introduction rate of 1 cm for Vg, with 2-MeV
reaffirming the hydrogenic donor nature of BFollowing  electron irradiation of GaN, yielding,(Ga)~45 eV. Fur-
the method of Henry and Nass&uand accounting for the ther support for the lack of Ga sublattice damage in our
correction suggested By Hooft et al,?’ we obtain the value sample comes from the following observation. GaN irradi-

of 0.456 for the free-excitofgiany oscillator strength, cor- ated with higher energy electrori2.5 MeV) exhibits two
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broad PL bands at 0.88 and 0.95 eV, related to interstitiaWith binding energy 25 meV were tentatively assigned to the
Gal? However, except for a sharp peak at 0.931 eV due tdN vacancy. The bound-exciton localization energy and life-
the intracenter transition of residuafV (Ref. 24, we ob-  time were discussed in conjunction with the values observed
served no luminescence in the near-infrared region. This ifor Oy and Sk, in the same sample. Finally, a metastable
consistent with the finding that already at 1-MeV electronbehavior related with the damage-induced defects was re-
irradiation, the 0.88- and 0.95-eV bands are weak or noported and tentatively explained in the framework of nonra-
observablé® Therefore, the primary defects generated bydiative defect complexes involving; N
0.42-MeV electron irradiation are onlyWand interstitial
nitrogen (N). Th:_;m_ks are dug to_Prof. D. C'. Look for the sample_s,
First-principles calculatioi€® have found that Nintro- ~ SUP€rvision of the irradiation experlmen_ts, and helpful dis-
duces deep levels into the GaN band gap, whergabag a  CuSSion, and to the crew at qu;com AirForce base for the
singly occupiedp-like T, state resonant in the conduction radl'atlon exposure.’Use of'faC|I|t|.es at Layvrepce Berkeley
band. This state autoionizes, leaving a positively charged y National Laboratory’s Mate_rlals Smence_s Division are grate-
that forms a hydrogenic level. Therefore, among the possibl&!ly acknowledged. Work in Berkeley is supported by the
primary damage defects, isolateg, ¥ppears as the best can- Department of Defense MURI program through AFOSR un-

didate for the donor signature observed here. As outlined ifl€" contract F49620-99-1-028@. Witt, program managgr
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served metastability. A recent first-principles calculation K. H-(ChOVQVy G. D. Watkins, A. Usui, and M. Mizuta, Phys. Rev. L&,

o : : 2761(2000.
TShOWS that ¥, is Imm_Ob"e cor_npar_ed_ with N Therefore, | 3K. Saarinen, T. Laine, S. Kuisma, J. Nissifa Hautojavi, |. Dobrzynski,
Is ?XpeCted to perS|_st after irradiation at room temperature, J. M. Baranowski, K. Pakula, R. Stepniewski, M. Wojdak, A. Wysmolek,
while the more mobile Nmay get trapped at impurities or  T. Suski, M. Leszczynski, I. Grzegory, and S. Porowski, Phys. Rev. Lett.
other defects in the materialy@nd Sg, are the most likely 79 3030(1997.

4 X .
traps in the present material, resulting in donor-deactivating 55382?;31?28351 Suski, I. Grzegory, and D. C. Look, Phys. Re\43

complexes N-Oy and/or N—Sig,. In this framework, the sy p maruska and J. J. Tietjen, Appl. Phys. La8, 327 (1969.

observed metastability may be attributed to a partial or full °J. Neugebauer and C. G. Van de Walle, Phys. ReS0B3067(1994).

dissociation of Nfrom the donor impurities, which may be D'c?RLSOK/'l '?- c. Sr?ynoFledS' JL- \tlzvé gzg‘;'gég_-oR- Sizelove, R. L. Jones,
. . . . an . J. Molnar, yS. Rev. Lelld, .

_dnvgn by carrier re_comblnatlon through thg complexes dur-gJ. A. Freitas, Jr., G. C. B. Braga, W. J. Moore, J. G. Tischler, J. C. Cul-

ing illumination. This would naturally explain the increased pertson, M. Fatemi, S. S. Park, S. K. Lee, and Y. Park, J. Cryst. Growth

luminescence from @(and Sg,)-bound excitons aftefpar- 231, 322(200).

tial) dissociation of the proposed;NOy and/or N-Sig,  ,,D: G- Look (private communication
W. J. Moore, J. A. Freitas, Jr., G. C. B. Braga, R. J. Molnar, S. K. Lee, K.
complexes.

: . . Y. Lee, and I. J. Song, Appl. Phys. Left9, 2570(2002.

Final support for the assignment of the hydrogenic donorg. J. Skromme, J. Jayapalan, R. P. Vaudo, and V. M. Phanse, Appl. Phys.
to Vy comes from an assessment of the central-cell effects olr;Lett- 74, 2358(1999.
E~ . Moor 114 derived E~ from effective-m heor M. A. Reshchikov, D. Huang, F. Yun, L. He, H. Morkoc, D. C. Reynolds,
¢ D EIO e.eht al.™ de Ied |'|3 om effective b aszs tleo yV S. S. Park, and K. Y. Lee, Appl. Phys. LeT9, 3779(2001.
or _Ga without central-ce correc_tlons .tO e 29. me - BA. Wysmolek, K. P. Korona, R. Stepniewski, J. M. Baramowski, J. Blo-
While Oy was found to haveEp a little higher than this, niarz, M. Potemski, R. L. Jones, D. C. Look, J. Kuhl, S. S. Park, and S. K.
indicating an attractive core correction that leads to a stron; Lee, Phys. Rev. &6, 245317(2002.
ger localization of the donor electron wave function at the \F/evé\f'B'\Agsorgéf'zgig)r?gggéjr" S.K.Lee, S. S. Park, and J. Y. Han, Phys.
core, the low ionization energy of the donoy Eported here 15 Wang and A-B. Chen, J. Appl. Phy&7, 7859(2000.
means a repulsive core correction. This is reasonable SinééB. K. Meyer, Mater. Res. Soc. Symp. Praii9, 497 (1997.
the positive charge on \is distributed over the electron ”i- EI %Lrj]neai_\/\:'t?s'gesrg?fégg S.nlli, B. B. Goldberg, and R. J. Molnar,

. . . . ppl. Phys. Lett.75, .

state_s of the surroun'dlng Ga atoms, re;gltlng na falrly de18E. |. Rashba and G. E. Gurgenishvili, Sov. Phys. Solid Sta#®9(1962.
localized wave function and thus requiring less energy foroc H. Henry and K. Nassau, Phys. Rev1B1628(1970.
the ionization. G, W't Hooft, W. A. J. A. van der Poel, L. W. Molenkamp, and C. T.

In a previous study,a 64-meV donor and an acceptor , Foxon, Phys. Rev. B5, 8281(1987).

L . . . 2lparameters used in the calculation: exciton translational motion mass
with identical concentrations were found to be introduced by (0.22+0.54)m, , primitive cell volume 22.8 A refractive index 2.67. The

electron irradia'Fion, and they were tentatively assignedyo V  gscillator strengths of the bound-exciton transitions are found, similarly, to
and N, respectively. The donor level was later also observed be 6.53, 5.32, and 4.17, for B1,Si and Q;, respectively.
with deep-level transient spectrosc&ﬁy{—lowever, in this  22J. W. CorbettElectron Radiation Damage in Semiconductors and Metals
; ; _ ; _ (Academic, New York, 1966 p. 20.

case, higher e!ectron energléf;s? hl Mfe\)) anhd hlgher d%pl 233, J. Zinkle and C. Kinoshita, J. Nucl. Mat@51, 200 (1997).
ar?t concentrations were used. Therefore, the observe evek?l. Baur, U. Kaufmann, M. Kunzer, J. Schneider, H. Amano, |. Akasaki, T.
might be due to other defects. Detchprohm, and K. Hiramatsu, Appl. Phys. L&, 1140(1995.

In summary, excitonic luminescence of GaN after irra-zzD C. Look, Phys. Status Solidi B28 293 (200D.
diation with 0.42-MeV electrons was studied. The irradiation (F’l'g%%gus'a""s"" E. L. Briggs, and J. Bernholc, Phys. Reb1817255
was shown to g_enere_lte dam_a_ge exclusively in the_N sublat?s | impjumnong and C. G. Van de Wallgrivate communication
tice. Bound-exciton lines arising from a hydrogenic donor?L. Polenta, Z. Q. Fang, and D. C. Look, Appl. Phys. L&8, 2086(2000.

Downloaded 02 May 2003 to 128.32.113.135. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



